In Huntington disease (HD), immune cells are activated before symptoms arise; however, it is unclear how the expression of mutant huntingtin (htt) compromises the normal functions of immune cells. Here we report that primary microglia from early postnatal HD mice were profoundly impaired in their migration to chemotactic stimuli, and expression of a mutant htt fragment in microglial cell lines was sufficient to reproduce these deficits. Microglia expressing mutant htt had a retarded response to a laser-induced brain injury in vivo. Leukocyte recruitment was defective upon induction of peritonitis in HD mice at early disease stages and was normalized upon genetic deletion of mutant htt in immune cells. Migration was also strongly impaired in peripheral immune cells from pre-manifest human HD patients. Defective actin remodeling in immune cells expressing mutant htt likely contributed to their migration deficit. Our results suggest that these functional changes may contribute to immune dysfunction and neurodegeneration in HD, and may have implications for other polyglutamine expansion diseases in which mutant proteins are ubiquitously expressed.
Introduction
Huntington disease (HD) is a devastating, incurable neurodegenerative disease caused by a polyglutamine (polyQ) repeat expansion in htt, a ubiquitously expressed protein. HD is characterized by involuntary movements (chorea), personality and cognitive changes that are thought to arise from mutant huntingtin (htt)-induced neuronal dysfunction, and cell death in the striatum and cortex. However, mutant htt expression in non-neuronal cells in the brain and periphery may also contribute to HD pathogenesis (1) (2) (3) (4) . Indeed, a number of studies have documented specific pathology in an array of peripheral tissues from HD patients and mouse models. Abnormal phenotypes have been described in fibroblasts, red and white blood cells, and pancreatic, liver, muscle, and cardiac cells; tissues such as bones and testes are also affected (1, 2, 5) . Abnormal energy metabolism, muscle wasting, and weight loss despite increased caloric intake are also invariable features of HD (6, 7) .
Mutant htt is expressed at high levels in immune cells (8) , and abnormalities in immune responses have been reported in patients with HD. Levels of soluble immune markers in serum, such as soluble TNF receptor, IL-2 receptor, and immunoglobulins, are elevated in HD patients (9, 10) . Plasma samples from HD patients also have increased levels of proinflammatory cytokines and chemokines that correlate with disease progression (11, 12) , occurring years before the onset of chorea and other HD symptoms. In response to an immune stimulus, monocytes and macrophages from HD patients and mouse models produce elevated levels of these proinflammatory factors (11) . Transcription of genes in HD blood is also dysregulated and correlates with disease progression (1, (13) (14) (15) . Finally, we recently showed that lethal irradiation coupled to bone marrow transplantation with WT cells normalizes levels of proinflammatory cytokines and chemokines and confers modest benefits in two mouse models of HD (16) . These studies provide strong evidence that the peripheral immune system is abnormal in HD and might contribute to neurodegeneration.
Microglia, the resident immune cells in the brain, derive from the same hematopoietic stem cell lineage as peripheral myeloid cells; they are also abnormal in HD and may contribute to pathogenesis. Microglial activation and reactive gliosis occur in vulnerable regions of HD brains (17, 18) . In the R6/2 HD mouse model, microglia were shown to be abnormal, as demonstrated by ferritin accumulation and Iba1 immunostaining, at early disease stages, and these abnormalities correlate with disease severity (19) , which is indicative of cellular dysfunction (20) ; similar results were also observed in brains from mid-stage HD patients (19) . Positron emission tomography of HD patients shows increased binding of 11 C-(R)-PK11195, a surrogate marker of microglial activation, in the striatum and cortex that correlates with loss of dopamine receptors and the clinical severity of the disease (21, 22) . Furthermore, microglial activation in brain regions required for cognitive function can predict disease onset (23) .
Immune cells undergo rapid morphological changes and migrate in response to pathological insults in tissues. The attraction of immune cells to chemotactic stimuli present at sites of infection or injury is an early and essential step in immune responses. Activated immune cells localize in affected tissues and communicate through short-range cytokines and cell-cell contact (24) . Immune cells such as monocytes, macrophages, and microglia express chemo attractant receptors and adhesion molecules that control and direct migration in response to inflammatory cues (25) . These cells rely on the remod-eling of the actin cytoskeleton, a key mediator of cell polarization and chemotaxis (26, 27) . Transmigration of peripheral immune cells from the bloodstream into perivascular tissue allows their accumulation at the site of injury or infection (24) . In the brain, microglia quickly rearrange their actin networks and form membrane ruffles and leading edges for process extension and chemotaxis (28, 29) . In vivo imaging studies on microglia using 2-photon microscopy showed that these cells respond rapidly by extending their processes toward a laser ablation injury (30) . Even in healthy brain, microglia continuously extend and retract their processes to actively survey their microenvironment (31) . They also provide trophic support for neurons and physically interact with synapses (32) . Overall, the migration of immune cells is a critical step during the initial response to injury or inflammation, and defects in cell migration prevent appropriate responses to infections (33, 34) .
In this study, we tested the hypothesis that mutant htt impairs the function of microglia and peripheral myeloid cells. Our data indicate that immune cells expressing mutant htt have impaired migration in vitro and in vivo, and that migration defects may be due in part to perturbations in actin remodeling. Thus, expression of mutant htt in microglia and immune cells may cause cell-autonomous deficits that could participate in the pathogenesis of HD.
Results

Mutant htt expression in microglia impairs migration to chemotactic stimuli.
YAC128 and BACHD mice are well-characterized mouse models of HD that express full-length htt and recapitulate many behavioral and pathological features of the disease (35, 36) . To analyze the migration of microglia that express mutant htt, we isolated primary microglia from the brains of YAC128 and BACHD mice and tested these cells in a Boyden chamber assay. In this assay, cells that transmigrate from one chamber toward a chemoattractant in a second chamber are trapped in a filter. Microglia were stained with the fluorescent dye DRAQ5, and the number of cells that had migrated was determined by measuring the fluorescence intensity. In the absence of a chemoattractant, YAC128 microglia showed modestly less
Figure 1
Mutant htt expression in microglia impairs their chemotactic response to ATP and C5a. Primary microglia from (A) YAC128 and (B) BACHD mice show significant migration defects in response to ATP (100 μM) and C5a (100 nM) compared with WT cells. (C) BV2 microglial cell lines were stably transduced with lentiviral constructs that express GFP-tagged mutant htt fragments of 25Q and 72Q (total original magnification, ×600). (D) Transgene expression was confirmed by Western blot analysis with anti-GFP. (E) A BV2 microglial cell line expressing htt 72Q shows a similar migration defect in response to these stimuli compared with htt 25Q-expressing cells. Cells were cultured in a Boyden chamber and allowed to migrate through the filter for 3 hours. Values are mean ± SEM. n > 6 experimental replicates; *P < 0.05, ***P < 0.001 (t test). (F-K) Gene expression levels of P2Y12 and C5aR, the cognate receptors for ATP and C5a, respectively, were not significantly different in YAC128 (F and I), BACHD (G and J) microglia, and microglia expressing htt 72Q (H and K) when compared with the WT controls. Values are mean ± SEM. n = 3-4 experimental replicates.
basal migration than cells from WT littermate controls; BACHD microglia showed no deficit in basal migration ( Figure 1, A and B) . In contrast, upon exposure to the chemoattractants ATP (100 μM) and complement protein C5a (100 nM), microglia from YAC128 and BACHD mice displayed a highly significant decrease in migration relative to cells from WT littermates (Figure 1, A and B) .
To determine whether expression of a mutant htt fragment in microglia could elicit migration deficits, we generated stable microglial cell lines (BV2 cells) that express GFP-tagged htt exon 1 with 25Q or 72Q (ref. 37 and Figure 1 , C and D). Similar to neurons, microglial cell lines expressing htt 72Q contained inclusion bodies ( Figure 1C ), but they did not differ in proliferation compared with htt 25Q controls (data not shown). We tested the migration response of these cells in the Boyden chamber assay. As in YAC128 and BACHD mice, cells expressing a 72Q mutant htt fragment showed a severe reduction in migration in response to ATP or C5a relative to cells expressing a 25Q htt fragment ( Figure 1E ).
Quantitative PCR revealed that microglia expressing mutant htt showed a trend toward decreased mRNA levels of P2Y12, the purinergic receptor that mediates their migration response to ATP (38, 39) , and the C5a receptor ( Figure 1, F-K) . Since C5a and ATP stimulate microglial migration through different downstream signaling pathways (40) , these results suggest that migration deficits in microglia expressing mutant htt are not likely due to a lack of chemoattractant receptor expression, but rather may reflect an impaired ability to engage downstream signaling mechanisms and machinery required for proper migration. Notably, since similar results were found in microglia that express full-length mutant htt and those expressing mutant htt fragment, these results may suggest that similar mechanisms of migration impairment may occur in both mutant htt models.
Mutant htt impairs process extension in microglia. Next, we used timelapse microscopy to assess the ability of microglia to extend processes and migrate in response to an ATP gradient (0-100 μM) in a Dunn chemotaxis chamber. The Dunn chemotaxis chamber allows the behavior of cells subjected to a linear concentration gradient of chemoattractant to be observed directly by microscopy. In this assay, microglia from WT mice had clear and robust polarization of their leading edges toward the ATP source within 30 minutes, whereas YAC128 microglia had a substantial reduction in the extension and movement of their processes ( Figure 2 , A and B, and Supplemental Videos 1 and 2; supplemental material available online with this article; doi:10.1172/JCI64484DS1). By tracking the path and leading edge displacement of each cell, we determined the average distance and x-and y-axis displacements of cells. The mean length of overall process displacement in YAC128 microglia was significantly reduced, as were the mean velocity of cellular movement and the mean overall accumulated distance of the processes (Figure 2, C-E) . Similar results were obtained in BACHD microglia (Figure 2, F-H) . Thus, migration deficits in mutant htt-express- ing microglia are likely due to defective process polarization and extension. Interestingly, although the vast majority of mutant httexpressing microglia did not extend and move their processes as efficiently as cells from WT littermate controls, a very small number of cells had extensive process displacement, suggesting that migration defects elicited by mutant htt may not be fully penetrant, perhaps due to cell-to-cell variability in mutant htt levels.
Mutant htt impairs microglial function in vivo. To validate our in vitro results, we measured microglial process extension and retraction in the intact cortex of 12-to 18-month-old BACHD mice by time-lapse in vivo imaging using 2-photon microscopy. Cx3cr1 encodes for the fractalkine receptor, which is highly expressed in microglia and moderately expressed in monocytes. Cx3cr1 GFP/+ mice have been used previously to image brain microglia in living mice (30) . Here, we fluorescently labeled microglia by generating BACHD Tg/+ ;Cx3cr1 GFP/+ mice.
Under basal conditions, process extension was less frequent, and process retraction was more frequent in BACHD Tg/+ ;Cx3cr1 GFP/+ mice than in controls (WT;Cx3cr1 GFP/+ ) (P < 0.01) ( Figure 3A ). Microglial cell size and density were not significantly different in the two groups (data not shown). In response to brain injury induced by focal laser ablation, microglia from WT control mice showed a robust response characterized by the rapid extension of processes and eventual engulfment of the injury site as described previously (30, 38) . In contrast, microglia from BACHD Tg/+ ;Cx3cr1 GFP/+ mice were unable to fully encompass the site of injury, and the response was significantly delayed (P < 0.001) ( Figure 3 , B and C, and Supplemental Videos 3 and 4). Indeed, the mean velocity of microglial processes in BACHD Tg/+ ;Cx3cr1 GFP/+ mice over the first 45 minutes (the average duration of the microglial process extension to reach the ablation site in WT mice) was approximately 20% lower than that in control mice ( Figure 3D ). Thus, microglia present significant functional impairment in the brains of aged BACHD mice, both in their tissue surveillance behavior under unperturbed conditions and in their ability to rapidly respond to and contain a localized brain injury. Migration of macrophages to an inflammatory stimulus is impaired in mouse models of HD. Microglia, macrophages, and monocytes are mononuclear phagocytes thought to be derived from the same myeloid progenitor cell (41) (42) (43) . To determine whether the migration of peripheral macrophages is also impaired in HD mouse models, we evaluated the in vivo recruitment of macrophages in response to a peritoneal injection of thioglycollate (a nonspecific inflammatory stimulus). Cells were collected from the peritoneum and labeled for the macrophage marker F4/80, and the F4/80 dim population (infiltrating macrophages) was quantified by fluorescence-activated cell sorting (FACS). At 6-9 weeks of age, macrophage recruitment in response to thioglycollate in BACHD mice was markedly (~27%) reduced ( Figure 4A ). To determine whether mutant htt expression was necessary for deficits in migration, we used a genetic approach whereby mutant htt expression in macrophages is deleted by breeding BACHD mice, which have Cre recombinase excision (loxP) sites flanking the coding sequence for mutant htt (36) , with CD11b-Cre transgenic mice, which express Cre recombinase in myeloid lineage cells including macrophages (44) . Importantly, the recruitment of macrophages to the peritoneum was normalized in BACHD Tg/+ ;CD11b-Cre mice ( Figure 4A ). We further confirmed that mutant htt expression is partially but significantly decreased in peritoneal exudates from BACHD Tg/+ ;CD11b-Cre mice compared with BACHD Tg/+ mice ( Figure 4B ). The residual mutant htt expression in peritoneal exudates in BACHD Tg/+ ;CD11b-Cre mice could be contributed by the CD11b -population. Although our data do not definitively rule out the contribution of a potential migration defect in other mutant htt-expressing cells in the peritoneal exudate (i.e., CD11b -cells), the results are consistent with the hypothesis that migration deficits of macrophages in BACHD mice are contributed by their expression of mutant htt. Significantly decreased macrophage recruitment to the peritoneum was also observed in older BACHD mice (8-10 months of age) ( Figure 4C ) and in the R6/2 transgenic mouse model of HD, which expresses mutant htt exon 1 ( Figure 4D ). Together, these results suggest that peritoneal macrophage infiltration in response to an inflammatory stimulus is strongly impaired in two mouse models of HD and likely caused by a cell-autonomous effect of mutant htt in these cells.
As thioglycollate-induced peritonitis can also lead to recruitment of neutrophils and other leukocytes, we determined whether migration of other cell types was also impaired in BACHD mice. We found fewer total infiltrating cells in the peritoneum of BACHD than in WT mice and approximately 60% fewer neutrophils, as shown by labeling with the neutrophil marker Gr-1 (Figure 4 , E and F). These findings indicate that migration deficits are not restricted to macrophages in HD mouse models, but are also found in other cells of the myeloid lineage.
Monocytes and macrophages from HD patients display migration defects. To determine whether impaired migration of immune cells occurs in HD patients, we isolated monocytes from the blood of HD
Figure 4
The migration of macrophages to the peritoneum in response to thioglycollate is defective in mouse models of HD. Thioglycollate (3%) was injected into the peritoneum of HD mice, and cells were harvested after 24 or 48 hours. patients at various disease stages (Supplemental Tables 1 and 2 ) and used a Transwell approach to test the migration of these cells toward chemoattractants. Like microglia from HD mice, monocytes from presymptomatic HD patients were markedly impaired in their migration toward ATP ( Figure 5A ). Monocytes from HD patients were also impaired in their migration to monocyte chemoattractant protein-1 (MCP-1), a chemokine that recruits monocytes to sites of inflammation ( Figure 5A ). The magnitude of the migration deficit was similar in monocytes from early and moderate/advanced HD patients upon stimulation with ATP and MCP-1. Although there was significant migration impairment in cells isolated from presymptomatic HD patients toward the complement protein C5a, advanced-stage patients showed only a trend toward a significant decrease ( Figure 5A ). Macrophages differentiated from monocytes of HD patients by stimulation with GM-CSF also showed impaired migration toward ATP, C5a, and MCP-1 ( Figure 5B ). These results indicate that the migration of monocytes and macrophages isolated from HD patient blood to chemotactic stimuli is severely impaired.
Impaired actin remodeling in microglia from HD mouse models. When microglia and other myeloid cells migrate toward chemotactic stimuli, they rapidly reorganize the actin cytoskeleton and plasma membrane in a process referred to as membrane ruffling, typically before a lamellipodium forms. We hypothesized that the migration deficits in microglia and peripheral immune cells that express mutant htt were caused by perturbations in cytoskeletal dynamics induced by mutant htt. To test this hypothesis, we isolated primary microglia from HD mouse models, stained actin in the cells with rhodamine-phalloidin, and quantified the fraction of cells with membrane ruffling. Upon stimulation with ATP (100 μM) for 10 minutes, membrane ruffling in YAC128 microglia was significantly reduced (P < 0.01) ( Figure 6A ). We also determined whether YAC128 microglia were sensitive to stimulation with M-CSF (100 ng/ml), which induces membrane ruffling through Rac-mediated activation of actin polymerization as opposed to the G-protein-coupled receptor pathways that are transduced by ATP (39, 45, 46) . Treatment with M-CSF increased membrane ruffling more than 3-fold in WT microglia but had no effect on microglia from YAC128 mice ( Figure 6A ). This response induced by ATP and M-CSF was also impaired in BACHD microglia ( Figure 6, B and C) .
The actin-binding protein cofilin is essential for the regulation of actin depolymerization and is required for effective cell migration (47) . Cofilin undergoes active phosphorylation and dephosphorylation in response to stimuli, such as ATP, that trigger changes in the actin cytoskeleton. Cofilin phosphatase activity is measured by a decrease in phosphorylated cofilin (p-cofilin) immunoreactivity upon ATP stimulation (48) . Under basal conditions, p-cofilin expression in primary microglia from BACHD mice was already significantly lower than that of WT littermates ( Figure 6 , D and E). Upon ATP stimulation, primary microglia from BACHD mice also lacked the transient/dynamic change that occurred in WT cells after 10 and 20 minutes (Figure 6 , D and G), suggesting defective actin remodeling. Total cofilin levels were also decreased in primary microglia from BACHD mice ( Figure 6 , D and F), in N9 microglial cell lines that stably express mutant htt 72Q ( Figure 6H ), and in brain homogenates from BACHD mice ( Figure 6I ). We further confirmed that cofilin levels were decreased in peritoneal macrophages isolated from BACHD mice ( Figure 6J ). Our results suggest that expression of mutant htt in microglia impairs actin remodeling by decreasing levels of cofilin and p-cofilin in a manner that might contribute to migration deficits, consistent with a recent study reporting that mutant htt impairs actin remodeling during stress (49) . In contrast to the protein levels, cofilin mRNA levels were not significantly different in primary microglia from BACHD mice ( Figure 6K ) and peritoneal macrophages ( Figure 6L ). Overall, our results suggest that mutant htt in microglia may influence cofilin levels primarily by a post-transcriptional mechanism, thereby affecting the actin signaling mechanisms associated with cofilin.
Discussion
Activation of the innate immune system has been reported in HD patients, yet it is unclear whether this is due to the effect of mutant htt or represents a secondary event in response to the degeneration of neurons. As evidenced by isolated primary HD microglia culture assays, microglial cells lines with overexpression of mutant htt, isolated human HD myeloid cells, and in vivo thioglycollate assays in HD mice, our results demonstrate that myeloid cells expressing mutant htt exhibit deficits in migration to chemotactic stimuli. Our results also suggest that these deficits are dependent on mutant htt expression. Migration deficits were observed in primary microglia when isolated from early postnatal HD mice, prior to any significant cell loss, consistent with apparent microglial dysfunction observed in pre-manifest HD patients (19, (21) (22) (23) 50) . Importantly, migration deficits were observed in monocytes and macrophages isolated from HD patients before the onset of
Figure 5
Severe impairment in migration of monocytes and macrophages isolated from HD patients. (A) Monocytes and (B) macrophages were isolated or derived from blood samples of presymptomatic HD patients, HD patients with early and moderate/advanced symptoms, and age-matched controls and assayed for migration using a Transwell approach. Cells from HD patients have significantly impaired migration relative to the control upon stimulation with ATP (100 μM), C5a (10 nM), and MCP-1 (50 ng/ml). Results are normalized to control basal levels. Values are mean ± SEM. n > 4 patient samples. *P < 0.05, **P < 0.01 (2-way ANOVA, Bonferroni post hoc test), # P < 0.001.
Figure 6
Mutant htt expression in microglia decreases membrane ruffling and cofilin levels. Primary microglia from (A) YAC128 and (B) BACHD mice have less membrane ruffling upon stimulation with ATP (100 μM) and M-CSF (100 ng/ml) than WT microglia. Membrane ruffling did not differ in HD microglia treated with M-CSF and untreated cells. Cells were stained with rhodamine-phalloidin, and the percentage of cells with membrane ruffling was quantified within 10 minutes. Values are mean ± SEM of 3 independent experiments. *P < 0.05, **P < 0.01 (t test). (C) Representative images of WT and BACHD microglia stained with rhodamine-phalloidin (total original magnification, ×200). Membrane rufflings (white arrows) are indicated as distinct white lines at the perimeter of the cells, while cells without membrane ruffling have dispersed phalloidin staining. Inset is a ×1.5 zoom of the cell of interest in the corresponding image. (D) Western blot analysis, performed with antibodies against p-cofilin, cofilin, and GAPDH, of homogenates from primary microglia isolated from BACHD mice at selected times after stimulation with ATP (100 μM). (E and F) p-Cofilin and cofilin baseline levels are lower in primary BACHD than WT microglia. (G) BACHD microglia do not have the robust dynamic change in p-cofilin upon ATP stimulation. Data were quantified as the ratio of p-cofilin to cofilin, both normalized to GAPDH levels. (H-J) Western blot analysis with an antibody against cofilin shows lower cofilin protein levels in (H) N9 microglial cell lines expressing htt 72Q, (I) BACHD brain homogenates, and (J) BACHD peritoneal macrophages than in controls (*P < 0.05). Protein levels were normalized to GAPDH levels. (K and L) Cofilin mRNA levels are not significantly decreased in primary BACHD microglia and BACHD peritoneal macrophages. Values are mean ± SEM. n = 3-5 biological replicates (t test).
neurological and motor symptoms, and these deficits appeared to be independent of disease stage. Similar results were observed in vivo in mouse models of HD.
The detailed molecular mechanisms responsible for migration defects in immune cells that express mutant htt are likely to be complex and remain to be fully elucidated. However, our data suggest that mutant htt perturbs the proper regulation of actin remodeling due to decreased levels of cofilin and p-cofilin. Consistent with our findings in microglia, mutant htt colocalizes with nuclear actin-cofilin rods in neurons under conditions of stress (49) . This study also detected cross-linked complexes of actin and cofilin in HD patient lymphoblasts that correlated with disease progression. Although mutant htt may directly interact with cofilin and actin in microglia and peripheral myeloid cells, cofilin was reported to physically interact only with full-length mutant htt and not mutant htt fragments (49) . On the other hand, we showed reduced cofilin levels in both mutant full-length htt-and fragment htt-expressing microglia. Because we found that the phosphatase activity also appears to be altered upon ATP stimulation, it is conceivable that mutant htt may also affect the kinase that phosphorylates cofilin and/or other components of the actin remodeling machinery. As reported, in non-stimulated conditions, membrane ruffling and actin polymerization are reduced in the dendritic spines and synapses of striatal neurons from HD mouse models (51, 52) . Since membrane ruffling is not altered in HD microglia in the absence of stimulation, the functional effect of mutant htt on actin remodeling may be different from that in neurons. Cytoskeletal organization is needed for normal neuronal cell development and functionality, and perhaps neurons are more sensitive to mutant htt effects under basal conditions. Moreover, the effects of mutant htt and the normal functions of htt on actin remodeling may vary between neurons and immune cells. Interestingly, null mutants of htt in Dictyostelium discoideum are also impaired in polarization and chemotaxis, suggesting that migration impairment in mutant htt-expressing immune cells could be due at least in part to the loss of WT htt function (53) .
Our observations of migration deficits in microglia and peripheral myeloid cells that express mutant htt may have important implications for understanding HD pathogenesis. Under basal conditions in the intact healthy brain, microglia represent "sentinels" whose highly motile processes constantly survey the brain parenchyma and make transient activity-dependent contacts with synapses (31, 32) . One recent study suggests that microglial activation with ATP triggers astrocyte-mediated modulation of excitatory neurotransmission (54) . Microglia have dysfunctional morphological phenotypes and are aberrantly activated early in HD patients and mice. Interestingly, microglia from mice that lack both copies of the chemokine receptor Cx3cr1 (Cx3cr1 GFP/GFP ), which functions in leukocyte trafficking, also have activated morphological phenotypes (55) . We show that microglia harvested from early postnatal HD mice already have defects in process extension and migration, suggesting this impairment could contribute to the early activation phenotypes reported in the HD brain. In addition, under basal, unperturbed conditions, microglia from adult BACHD mice exhibited significant deficits in process extension and exaggerated process retraction. Since synapse levels are decreased in BACHD mice (16) and other HD mouse models (56), these results suggest that microglia expressing mutant htt may not be efficient in synapse surveillance, which could conceivably contribute to synaptic and network dysfunction. We also found that microglia from aged BACHD mice showed a delayed response to laser-induced injury. As microglia form the first line of defense in the CNS by orchestrating rapid responses aimed to contain pathological insults within the normal brain (30, 31) , these results suggest that mutant htt-expressing microglia might be limited in their ability to respond to traumatic or pathological insults, such as traumatic brain injury or brain infections. Taken together, our results indicate that migration impairment in microglia may be one of the first abnormalities in the HD brain, thereby compromising the functional integrity of the HD brain in early and late stages.
Mutant htt expression in peripheral myeloid cells might also contribute to some aspects of central and peripheral pathogenesis in HD. Proinflammatory cytokines and chemokines are elevated in pre-manifest HD patients and remain elevated throughout the course of disease (11, 12) . We hypothesize that migration deficits in immune cells may lead to inefficient transduction of cytokine and chemokine signaling mechanisms, which may explain chronic increases in proinflammatory cytokines and chemokines and microglial activation in HD patients. Indeed, IL-6, IL-8, IL-1β, TNF-α, and MCP-1 levels are elevated in HD and are predicted to augment inflammatory signals in the brain. These factors could also contribute directly to neuronal dysfunction, as receptors for many of these molecules are expressed on neurons, some of which transduce proapoptotic signaling pathways (57, 58) . Consistent with this hypothesis, myeloid cells in mice mutant for the chemokine receptor Cx3cr1 are impaired in migration, leading to increased IL-1β levels and decreased synaptic plasticity (55, 59) . In mice with deletion of Ccr2, whose monocytes and macrophages also do not migrate properly, serum levels of IL-6 and IL-1β are elevated (33, 60) . Mice mutant for these chemokine receptors are also unable to clear infections, have impaired wound healing, and are unable to mount effective adaptive immune responses (33, (61) (62) (63) . Unfortunately, no studies to date have systematically examined whether the incidence of infections or defects in wound healing are increased in HD patients, although chronic skin ulcers have been reported (64) . Ongoing studies in our laboratory are examining whether HD mice can efficiently clear bacterial and viral infections, and if infections influence degenerative processes in the CNS and periphery.
Several recent studies in mouse models provide additional support for the hypothesis that dysfunction of the peripheral immune system might play an important disease-modifying role in HD. Proinflammatory cytokines did not increase in YAC128 mice that received transplants of WT bone marrow, and this conferred modest behavioral and neuropathological benefits to YAC128 and BACHD mice (16) . Genetic deletion of cannabinoid receptor 2 (CB2) -a protein expressed predominantly in peripheral immune cells that regulates production of proinflammatory cytokines, likely via NF-κB (65-67) -exacerbates pathogenesis in a mouse model of HD (68) . Consistent with these findings, we recently found that CB2 signaling in immune cells mediates the onset and severity of symptoms in BACHD mice and that CB2 agonists are neuroprotective in R6/2 mice, even when given at late disease stages (69) . Finally, inhibition of kynurenine 3-monooxygenase (KMO) in blood cells prevented synaptic loss and brain inflammation and increased lifespan in R6/2 mice (56). Together these findings support a critical link between blood cells and neurodegeneration in HD.
In summary, our study provides in vitro and in vivo evidence for motility and migration deficits in immune cells from HD patients and mouse models. These deficits may partially explain the early immune dysfunction and chronic elevation of proinflammatory cytokines and chemokines in this disease. Immune cell migration impairment is known to cause recurrent infections and immune dysregulation (34, 70) . Further studies to monitor the innate and adaptive immune responses in HD mouse models and patients are warranted. Therapeutic approaches currently used to lower proinflammatory cytokines, including antibodies to TNF-α and IL-6, might provide some benefits to HD patients and should be investigated in mouse models of HD. More broadly, disease-causing proteins in many neurodegenerative diseases caused by polyQ expansions are expressed ubiquitously, and the functional consequences of this expression in non-neuronal cells, including immune cells, merits further investigation.
Methods
Mice and breeding strategy
YAC128 founder mice (35) (FVB/NJ background) were provided by Blair Leavitt (University of British Columbia, Vancouver, Canada). BACHD founder mice (36) (C57BL/6 or FVB/NJ background) were provided by William Yang (UCSD, San Diego, California, USA). CD11b-Cre mice (C57BL/6 background) (44) were provided by Don Cleveland (UCSD, San Diego, California, USA) and George Kollias (Biomedical Sciences Research Centre "Alexander Fleming," Vari, Greece). These mice were crossed with WT breeder mice to generate litters as required and crossed with BACHD mice (C57BL/6 background) to generate BACHD;CD11b-Cre mice. Cx3cr1 GFP/GFP mice (C57BL/6 background) (71) were provided by Israel Charo (Gladstone Institute of Cardiovascular Disease, San Francisco, California, USA) and crossed with BACHD mice (C57BL/6 background) to generate BACHD Tg/+ Cx3cr1 GFP/+ mice for in vivo imaging using 2-photon microscopy.
Cell culture
Primary microglia were isolated from mice on P1-P3 as described previously (71) . Briefly, cortices were isolated, trypsinized, triturated into single cells, and cultured in Dulbecco's modified Eagle's medium with high glucose (DME-H21), 10% heat-inactivated FBS, GM-CSF (2 ng/ml), and penicillin/streptomycin. After 10-20 days, cultures were gently shaken by hand, and floating cells (microglia) were collected, resulting in more than 99% purity. GM-CSF (2 ng/ml) was used to help stimulate microglial yield. Isolated cells were incubated with serum-free macrophage medium (Invitrogen) for 24 hours, unless otherwise specified, and used for various experiments. Microglial cell lines BV2 and N9 were stably transduced with lentiviral constructs expressing exon 1 htt 25Q or 72Q, fused to GFP, based on pRRL-cPPT-CMV-X-PRE-SIN (72) . Gene insertions and protein expression levels of htt exon 1 were quantified to ensure matched expression levels in microglial cell lines that express htt 25Q and 72Q (data not shown). Cells were cultured in DME-H21 with 5% heat-inactivated FBS.
Chemotaxis assays of microglial cells
Boyden chamber assays. Microglial cell lines and isolated primary microglia were collected and prepared as described previously (40) . Briefly, harvested cells were stained with DRAQ5 for 20 minutes and washed with MEM, then with MEM with 10% Cellgro (Mediatech). Migration was measured in a chemotaxis chamber (Neuro Probe) with 10-μm pore filters. Lower wells were filled with chemoattractants (100 μM ATP, Sigma-Aldrich; 100 nM complement protein C5a, Calbiochem). Primary microglia were allowed to migrate from upper wells through the filter for 3 hours at 37°C and 5% CO2. Nonmigrated cells on top of the filter were wiped off, and the filter was scanned and analyzed with an Odyssey Infrared Imaging System (LI-COR).
Dunn chamber assay. Cells were spotted onto fibronectin-coated coverslips (BD) and incubated with serum-free DME-H21 for 4 hours as described previously (38) . The Dunn chamber was used to form an ATP gradient of 0-100 μM.
Distance and direction of movement by the cell's leading edge were monitored for 30 minutes by time-lapse microscopy. Images were processed and analyzed with ImageJ software (manual tracking and chemotaxis plug-ins).
In vivo imaging of microglia
EGFP-expressing microglia were imaged in vivo using 2-photon laser scanning fluorescence microscopy as described previously (30) . Briefly, mice were anesthetized intraperitoneally with ketamine (200 mg/kg body weight) and xylazine (30 mg/kg body weight) in 0.9% NaCl solution. Transcranial imaging was performed through a thinned region of the skull (~1 mm in diameter) over barrel or motor cortex. A drop (~200 μl) of artificial mouse cerebrospinal fluid (ACSF) was applied on the exposed region for the duration of the experiment. Imaging was performed using an Ultima-IV in vivo microscope (Prairie Technologies) equipped with a MaiTai DeepSee-eHP laser (Spectra Physics). The excitation wavelength was tuned to 915 nm, and imaging was performed from the surface to approximately 200 μm below the pia using an Olympus ×40 0.8-NA water immersion lens. For time-lapse imaging, a z-stack of images was acquired every 30-180 seconds, typically over 10-60 minutes. A highly localized injury was achieved by focusing a 2-photon laser beam (~1 μm in size) at a specific point in the cortex through the thinned skull. A maximum intensity projection of each z-stack was constructed for each time point and used for quantification of microglial basal process dynamics or their responses following laser ablation. Results were analyzed by determining the change in GFP fluorescence as the processes entered the space surrounding the center of the laser ablation. The fluorescence was normalized to an outer region (3 times the area of the space around the ablation).
Thioglycollate-induced peritonitis
Peritonitis was induced with thioglycollate (Sigma-Aldrich) as described previously (73) . Mice were treated with an intraperitoneal injection of 3% thioglycollate or saline control. Peritoneal leukocytes were collected 24 hours later (48 hours for aged mice) by flushing the peritoneal cavity with 10 ml PBS. Peritoneal cells were washed with staining buffer (PBS with 5% FBS), blocked with anti-CD16/32 (1:200, R&D Systems), and stained with anti-F4/80-APC (1:100, Caltag), anti-CD11b-PE (1:500, BD Biosciences -Pharmingen), and anti-Gr-1 (1:100, eBioscience). Cells were analyzed by LSR II (BD Biosciences) and FlowJo software (Tree Star). To quantify the percentage of infiltrating macrophages, we gated cells for the F4/80 dim population among unstained and F4/80 dim cells. Cells were gated for the Gr-1 hi population among CD11b-positive cells in order to quantify the percentage of infiltrating neutrophils.
Isolation of human blood monocytes and macrophages
Blood samples were obtained from control subjects and patients with genetically diagnosed HD and processed as described previously (10) . The patients were clinically assessed by a neurologist experienced in assessment of HD patients. The number, age, CAG repeat, and age of onset for each experimental group are described in Supplemental Tables 1 and 2 . Monocyte samples for MCP-1 stimulation were from a patient group different from those providing samples for ATP and C5a stimulations. There was also only a partial overlap of patient samples in macrophage experiments for MCP-1 and ATP/C5a treatments. Presymptomatic patients are classified as patients with a positive predictive HD gene test, presenting without clinical feature. Patients were staged under the Shouldon and Fahn scale: early-stage HD patients (disease stages I and II) had united Huntington's disease rating scale (UHDRS) total functional capacity score less than 7, and moderate-stage HD patients (stage III and IV) had total functional capacity score 1-6.
Mononuclear cells were isolated from blood samples using Histopaque-1077 tubes (Sigma-Aldrich), stained with anti-CD14 beads, incu-sis/rtpcr/upl/index.jsp) and SYBR Green/Fast SYBR Green mix (Applied Biosystems) with a PRISM 7500 quantitative PCR system (Applied Biosystems). Mutant htt primer sequences were: forward 5′-CCGCTCAG-GTTCTGCTTTTA-3′, reverse 5′-GCCTTCATCAGCTTTTCCAG-3′. Purity of mRNA was checked by performing quantitative PCR without prior RT. Results were normalized against the housekeeping gene ATP5 (74) .
Statistics
Statistical analyses were performed with GraphPad Prism Software. For pairwise comparison, 1-tailed unpaired Student's t test was used, since we tested our hypotheses in one direction (i.e., decrease in migration). For group analysis, ANOVA with Bonferroni's post hoc test was used. Data are presented as mean ± SEM. P values less than 0.05 were considered significant.
Study approval
Mice were maintained and bred in accordance with NIH guidelines. All experiments with mice were approved by the Institutional Animal Care and Use Committee of the University of California, San Francisco. Experiments with human samples were conducted in accordance with the Declaration of Helsinki and approved by the UCL/UCL Hospitals Joint Research Ethics Committee, London, United Kingdom. All subjects provided informed written consent. All subjects in the study underwent subject inclusion criteria and were evaluated by HD clinical assessments.
